JOURNAL OF CHEMICAL PHYSICS VOLUME 114, NUMBER 4 22 JANUARY 2001

Structure of the acetone liquid /vapor interface

Yuh Ling Yeh
Institute of Atomic and Molecular Sciences, Academia Sinica, P.O. Box 23-166, Taipei 10764, Taiwan

Chun Zhang and Hermann Held
Department of Physics, University of California at Berkeley, Berkeley, California 94704

A. M. Mebel
Institute of Atomic and Molecular Sciences, Academia Sinica, P.O. Box 23-166, Taipei 10764, Taiwan

Xing Wei
Department of Physics, University of California at Berkeley, Berkeley, California 94704

S. H. Lin
Institute of Atomic and Molecular Sciences, Academia Sinica, P.O. Box 23-166, Taipei 10764, Taiwan

Y. R. Shen?
Department of Physics, University of California at Berkeley, Berkeley, California 94704

(Received 9 August 2000; accepted 27 October 2000

The structure of the liquid/vapor interface of acetone is investigated theoretically by molecular
dynamics simulation and experimentally by infrared-visible sum frequency vibrational
spectroscopy. The simulation yields the molecular orientational distribution at the liquid surface. In
conjunction with theab initio calculation, the sum-frequency vibrational spectra for the interface is
then computed, allowing a direct comparison to the measured spectra. As the calculation agrees well
with the experiment, we can conclude that the molecules at the liquid surface are polar ordered, with
one of the methyl groups pointing away from the bulk and the molecular plane perpendicular to the
surface. This orientation is similar to that of molecules in the layer planes of crystalline acetone.
Together with the appreciable surface tension of acetone, it suggests that the acetone liquid surface
has a more ordered structure than the bulk and is more or less crystal-like00® American
Institute of Physics.[DOI: 10.1063/1.1333761

I. INTRODUCTION the structure and the dynamical processes for liquid interfa-
. '6 . . . _
The study of interfacial properties of liquids is important cial systems:® With the optical parameters of a single mol

. . . - cule obtained from aab initio calculation and the molecu-
because of its direct relevance to the chemical reactivity oF

] . o . ar orientational distribution at the interface obtained from
the system; for exampfethe isomerization reaction at aque- . :
: . . R : . MD simulation, one can also compute SFVS spectra, and
ous interfaces, ion solvation at liquid interfaces, interfacial

. directly compare with the experimental spectra.
charge transfer and electron transfer reactions, atmospheric ; . . S .
In this work, we are interested in the liquid/vapor inter-

and environmental chemistry, wetting, weathering, and bio; . ) .
. : . .~ “face of acetone. Acetone is one of the most important aprotic
logical phenomena. The asymmetric environment of a liquid,. . .
L . : . . dipolar organic solvents. Each molecule contains two methyl
surface is significantly different from the isotropic environ-

N . groups, symmetrically connected to a=® double bond.
ment of a liquid bulk. Numerous experimental and computaz .
. . ) o The bulk structure of acetone has been examined by both
tional studies of the processes mentioned above indicate tha . . .
. o : éxperiments and simulatiofishut the surface structure has
surface structure and properties of the liquid and their effects : :
. . : not yet been investigated. Here, we report the results of our
on the processes must be considered at the microscopic level. 7 = : . )
In recent vears. proaress in both experimental and com® initio calculation, MD simulation, and SFVS measure-
Y » Prog P ment on the vapor/acetone interface. We will show that the

putational approaches of studies of liquid interfaces has Sigﬁwolecules at the interface are polar ordered, with one of the

nificantly enhanced our understanding of chemical reactivitymethyl groups pointing away from the bulk and the molecu-

at liquid interfaces from the microscopic point of view. On ) o
. o I Ifar plane more or less perpendicular to the surface. This ori-
the experimental side, in addition to the many methods tha o .
ntation is similar to that of acetone molecules in a crystal-
have been used for the study of bulk systems and datable Fo : .
: o Ine layer, suggesting that the surface acetone structure is
the study of interfaces, a number of surface-specific tech(-:r stal-like
niques have been developed. Among these, infrared-visiblg"” '
sum frequency vibrational spectroscof8FVS?~* has been
proven to be a powerful tool to probe the orientation distri-

bution of the interfacial molecules. On the theoretical sideA. Molecular dynamics simulation

II. CALCULATION

molecular dynamic$MD) simulation has provided insight to The coordinate systems for an acetone molecule are
shown in Fig. 1a). Its orientation in space is defined in Fig.

3Electronic mail: shenyr@socrates.berkeley.edu 1(b) by three anglesd is the tilt angle of the €0 axis (¢
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TABLE I. Intermolecular potential parameters used for acetone.

Site  o(A)  elkg (K) gle Geometry
Jorgensen C 3.910 52.87 0.300r ec=1.5072 A
O 3750 10575 —0.424 reo=1.2219A
CH; 2.960 80.57 0.062 ~MeCMe=117.20°
Klein c 375 52.84 0.566 ryec=1.572 A
O 296 10568 —0502 reo=1.223A
CH; 3.88 85.00 —0.032 2/MeCMe=117.3°

wherer;; is the distance between sitesandj in different
moleculesg; is the charge assigned to siteand the param-
etersq; , o, ande; for the carbon, oxygen, and methyl sites
in the acetone molecule are given in Table I. It turns out that
the acetone surface structures obtained from MD simulations
(b) 7 with Jorgensen’s and Klein’s potentials are virtually indistin-

guishable. Therefore in the following we present only results
obtained with the Jorgensen’s potential function.

The computer algorithm used in this work is adopted
from our previous work for molecular dynamics simulations
of TIP4P watert! The equations of motions are solved using
the Leapfrod? algorithm with a time step of 2010 '°s.

The constraints are handled using the SHAKEchnique.
The cutoff distance is 14 A for OPLS potential and 20 A for
Klein’s potential parameters. The system includes 512 ac-
etone molecules in a cubic box of size 31.9 A. The bulk box
of acetone is equilibrated for a period of 200 ps in an NVT
ensemblé? Once equilibrated, the box length in thelirec-
C tion is extended to 135 A, and this new system is equili-
brated for another 200 ps in an NVT ensemble. Periodic
FIG. 1. Schematic diagram of an acetone moleculdainthe molecular ~boundary conditions are applied in all three directions. The
coordinates andb) the lab coordinates. The stretches of six C—H bonds areelectrostatic long-range interactions are calculated with the
o e g 32 e s e 9 o s e Ml summatio techrique, o5 suggested by TideSien
molecular orientation, are labeled ). A determme the equilibrium structure, data_ are calculated over
a period of 400 ps and collected every five steps.
The simulation result of the density profile for acetone

axis) from the surface normalz axis), ¢ is the azimuthal Shown in Fig. 2 can be approximated by a hyperbolic tangent
angle of the projection of thé axis in thex-y plane, andp  function of the form®
is the twist angle of the moleculep-¢ plane along the!l _1 T _
axis. We have carried out a MD simulatigat 300 K) to p(2)=2(pLt pv)— 2P py)tanti(z—2o)/d], @
obtain the orientational distributiofi(¢,#,¢) for acetone wherep, andpy are the densities corresponding to the liquid
molecules at the vapor/liquid interface at room temperatureand the vapor phasez,=32.2A is the position of the
The acetone potentials employed in the simulations ar&ibb’s dividing surface, and is a parameter for the thick-
the Jorgensen’s optimized potential for liquid simulationness of the interface. The usual definition of the surface
(OPLS potentiaf and the one developed by Klein and thickness refers to the region where the density of acetone
co-workers'® Both potentials are represented by a rigid setchanges between 90% and 10% of the bulk value. The thick-
of four interaction sites located on oxygen and carbon atomgiess obtained from our simulation is 5.8 A. With long-
The CH; groups are treated as unit sites. The interactiorwavelength fluctuations suppressed, the simulation result
potential between two molecules is described in the standargives an accurate account of the “intrinsic interfacial
form of Lennard-Jone&.J) potential plus electric interaction width.”” This means that the thickness predicted here is
represented by Coulomb interactions of fictitious partialfrom the local, static spread in molecular orientation attrib-

charges, utable to microscale molecular interactiGhand suggests
4 1 6 that the simulation results tends to consistently underestimate
U= E 2 (46” (ﬂ) _ (ﬂ) n qiq; ] , the §urface th|.ckn'ess of a real'flwd. Accordmg to the density
i=1/=1 rij rij Ameqri profile shown in Fig. 2, we define three regions alangulk

(z<29.3A), interface (29.3 Az<35.1A), and outer layer
of the interface £>35.1A). We then examine the orienta-
€= V€€, 0= 3+ €), (1)  tions of the acetone molecules in these three regions.

with
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FIG. 2. Calculated density profile of 512 acetone molecules equilibrated at
300 K. Dots are from the simulation, which can be approximated by a 0.028
hyperbolic tangent functiofsolid curve.
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As shown in Fig. 8a), in both the outer layer of the
interface and the interface region, the tilt anglbas a fairly
broad distribution over 0° to 180°, i.e., 1 tol of cosé. The
preference of co8 at negative values indicates that the
C=0 vectors of surface molecules tend to point inward into .23 {_,
the bulk. In the bulk region, the cedistribution is uniform,
corresponding to random orientations of the-O vectors in
the bulk. In fact, not only the £-0 vector, but the whole 0.021 T i :
molecule has no preference of orientation in the bulk. As a ° 100 20 00
result, the twist angle has a uniform distribution from 0° to ?

3,600 in the bulk regiorisee Fig. &)]. In the interface re- FIG. 3. Calculated orientation distributions @) cosé and (b) ¢ of mol-
gion, the most probable angles are 90° and 270°, corre- ecules in the three different regions at 300 K.

sponding to the geometry with the molecular plai@CC
plane perpendicular to the surface. It suggests that one of
the methyl groups points away from the liquid side and the |
other embedded in the liquid. In the outer layer of the inter- (2 _ _

face, on the contrary, the most probabl@ngles are 0° and Xijk(@ir) ﬁTEV 2 ; (@ =0w)
180°, indicating that the line c.onnec.tlng the two ﬁnlte§ is gv|Qdgr')?
parallel to the surface. The simulation results for azimuthal XK !

0.025 4

P(e)

0.024

0.022 |

’
14

angled is trivial. In all three regions, the angular distribution K (g, gu— @R)+ gy g
of ¢ is flat (not shown, consistent with the required azi- \yith
muthal isotropy for both the bulk and the surface.
Kai= > <<i-|><j.m><k~n>>(%)('9““) @3
B. Molecular theory of SFVS ik dQq )\ dQq/

It has been showfrthat the resonant part of the second- Here, o, is the population in thégv) state withg and v
order optical nonlinear susceptibility(® for vibrational — denoting the ground electronic state and the associated vibra-
infrared-visible sum frequency generati®FG can be ex- tional state, respectivelyQ is the normal coordinate of the
pressed as gth vibrational modega,,/dQq anddu,/dQ are the infra-

TABLE IlI. Calculated and experimental C—H stretch vibrational frequencies and IR intensities of acetone.

Vibrational frequencycm %)

Normal mode Theory Experiment IR intensity[D%(A%2amu]
Qu(a)=12"Y22r;—r,—ra+2r,—rs—rg) 3025 3006 0.4389
Qu(a)=6"YAr +ry+ra+try+rgtre) 2927 2926 0.3399
Qz(ay)=4"YAr,—ry—rg+rg) 2973 2968 0.0
Qu(by)=12"Y22r;—r,—r3—2r,+r5+r1g) 3023 3006 0.4379
Qs(by)=6"YAr +ry+r3—r,—rs—rg) 2920 2926 0.1612
Qe(by)=4"Yr,—rg+rs—rg) 2980 2968 1.1815
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TABLE Ill. Infrared dipole moment gradientdu, /dQ,, of acetone in the With the input and output beams being eitrgeor p
normal coordinate basis. polarized, there are eight different input/output polarization
combinations. Because a liquid surface is azimuthally isotro-
pic, SFG in SSS, SPP, PSP, PPS combinations vanish. The

Dipole moment gradiertD/(A amu"?)]

Normal mode M Mo M effective nonlinear susceptibilities under the other four po-
Q,(ay) 0 0 —0.662 530 larization combinations can be expresse%? as
Q,(ay) 0 0 ~0.583019
Qs(ay) 0 0 0
Qa(by) 0 —0.661 735 0 XS ssF= sinBirLyy(wspLyy(wyvis)L A ®R) Xyy2
Qs(by) 0 0.401 469 0
Qq(by) —1.086 960 0 0

ng),SPS: SinByiskyy(@sp) LA ovis)Lyy(0r) Xyzy,

®)

red dipole moment gradient and Raman polarizability for the X pss= SN Bse s @sp) Lyy( @vis) Lyy(@R) Xy 2y,
qth vibrational modewg, ¢, andIl'y,, 4, are the resonance
frequency and damping constant, angl, k refer to the lab

2 __ ;
coordinates and, m, n to the molecular coordinates. The Xeit,ppe~ — COSBsrCOSByis SINBiRLxx( @sp)Lxx @vis)

angular brackets in t_he expressionK_}}‘,ij,< den_ote an orien-_ XL, A @) Xyyzt SiNBsesin Byis sin Bir
tational average with the prescribed orientational dis-
tribution 1°:2° XL fdosp LA ovis)L A 0R) X222

In this study, we consider only CH stretch vibrational _ ;
modesQ, (with q=1-6) of individual acetone molecufés COSBsrSIN Byis COSBIRLxx( wsp LA wvis)
(see Table ll. For these modegia|,/dQq anddu,/dQq in X Ly(@1R) XyzyT SIN BspCOSPys
Eqg. (3) are computed with amb initio calculation. At the
CiSSCF and HE 6-311% levels?? we obtain the numeri- X COSBIRL A sk Lxx( @wis) Liod @1R) Xyzy:
cal values shown in Tables IIl and IV.

Being a rank-3 tensol(?) has, in general, 27 elements. where Bsr, Byis, and Br are the reflection or incidence
However, one can use the symmetry of the interface to reangles of the SF, visible, and infrared beams, respectively.
duce the number of independent elements. As a liquid sur- With the molecular orientational distribution obtained
face is azimuthally isotropicuniaxial), there are only four from MD simulation, we can now calculate the SFVS spectra
independent nonvanishing elementsxiff). In addition, if  (x|x@)}? of the vapor/liquid interface of acetone using Egs.
the visible input beam is not on resonanggy=x;x be- (3)—(5). We average the contributions from all molecules in
cause the Raman polarizability tensor is approximately symthe simulation box and find the SSP, SPS, PSS, and PPP
metric. Then there are only three nonvanishing independersipectra. As shown in Fig. 4, the calculation gives a strong
x?) elements. With the lab coordinates chosen suchzigat peak in the SSP spectrum at 2926 ¢nand a weak peak at
along the interface normal andn the incidence plane, they 2968 cm®. For PPP, the peak at 2926 chappears to be
are Xyyz= Xxxzr Xyzy= Xzyy= Xxax= Xzxx» aNdxzz7.™° two times weaker than that in SSP. For other polarization

To compare the calculation with the experiment, we notecombinations, the peaks are all relatively weak.
that the SF signal with a selected set of input/output polar- Being a second-order process, SFG is highly surface
ization combinatiori, j, k) is given by specific and has a submonolayer sensitivity. The SFVS spec-

2 2 2 2 tra obtained above mainly arise from molecules in the inter-

S| (xefij *= ILii(@sp xiRLjj (0vis) Ll @R) %, (4) face region. This is seenyin Fig. 5, where the calculated SF
where L;;(Q) is the overall local-field correction output per molecule from ehcl A slab parallel to the inter-
factor at Q (listed in Appendix B.?° Calculation of face in the simulation box is presented as a function of the
|X,(32f?’ijk(wspzwv,s+wm)|2 allows a direct comparison with slab position. Indeed the dominant contribution comes from
the measured SFVS spectrum. molecules in the interface region.

TABLE IV. Raman polarizability Je,, / Qg , of acetone in the normal coordinate basis, calculated-800

nm.
Polarizability gradientA%amu'?) ) )
Raman intensity
Normal mode  ag a,, ay ag, @, g (A%amu
Qi(ay) 2.116 789 —2.136330 1.059473 O 0 0 0.120 162
Q,(ay) 2.523211 2.581069 2.948260 O 0 0 7.204 821
Qs(ay) 0 0 0 0.687684 0 0 0
Qu(b,) 0 0 0 0 1.841603 O 0
Qs(b,) 0 0 0 0 0490021 0 0
Qs(by) 0 0 0 0 0 ~2.900096 0
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FIG. 4. Calculated SF vibrational spectra for C—H stretches of acetone 1.2 (¢)SPS )
molecules in the simulation box at 300 K.
0.8r .
IIl. EXPERIMENT 04l |
The SFG experimental setup has been described
elsewheré? In this experiment, a visible beam at 532 nm | RCHEVEIPS LNEAR R IES S K IV AN
and an IR beam tunable from 1.2 to 3ufn (linewidth ~6 2750 2800 2850 2900 2950 3000 3050
cm 1), both having a 15 ps pulse width and a 20 Hz repeti- 4
tion rate, are overlapped at the sample surface with incidence IR Frequency (cm')

anglespy;s=45° andBr=57°, respectively, and the SFG gig_ 6. The reflective SFG spectra of the liquid/vapor interface of acetone
output is detected in the reflected direction. The acetone ligin the CH stretch region measured with three different polarization combi-
uid (99.9+% HPLC grade is purchased from Aldrich nations;(a SSP,(b) PPP, andc) SPS. Solid lines in the figures are fits from
Chemical Co., Inc. Eas. (3
The surface SFVS spectra in SSP, SPS, and PPP polar-

ization combinations are shown in Fig. 6. All the measure
SFVS signals have been calibrated with a referencet
quartz crystal, yielding for each polarization combination
spectrum of| xeq? in MKS units. In the CH stretch region,
only one resonance peak at 2926 ¢nis observed, and can
be assigned to the CH symmetric stretch mod®s énd

dQ5). The peak strength is about five times stronger in SSP
than in PPP. The signal in SPS is below the noise level,
Ahich is about 10 times smaller than the peak signal in SSP.
The PSS spectrum is similar to SPEqg. (5)], and is not
shown here.
Within the electric—dipole approximation, SFG as a
second-order nonlinear process is forbidden in the bulk of an
— isotropic medium. However, the magnetic—dipole and
electric—quadrupole contributions from the bulk may not
necessarily be negligible. It is important to check whether in
our case, the observed SFVS spectra actually result from the
acetone interface. We use the experimental scheme sug-
3000 gested by Xinget al,?* measuring SFG in both reflection and
transmission directions. Because of the longer coherent
2000 - length, the bulk contribution is much stronger in transmis-
sion than in reflection. Measurement of SFG in transmission
allows an estimate of the bulk contribution. We find that the
bulk contribution to SFG in reflection in the acetone case is
negligible. This is expected from the general consideration
04 for the CH stretch mode¥,
X 2 . x B N =2 H# B We have also investigated the CO stretch mode. Within
Layer (A) our detection limit, no resonance peak was observed in the
FIG. 5. The calculated SFG contribution from acetone molecules in variousIR region of 1600-1800 crit. The result that.the. CH stretch
slabs at different depths parallel to the surface. The Gibb's dividing surfacdS Clearly observed but not the CO stretch indicates that the
is at 32.2 A. C=0 vector either lies near the surface plane or points into

SSP at 2927 cm
4000 -

1000 -

Intensity Contribution per Molecule

Downloaded 23 Aug 2004 to 128.200.91.177. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



1842 J. Chem. Phys., Vol. 114, No. 4, 22 January 2001 Yeh et al.

TABLE V. Surface tension of acetone and wateiTat 20 °C (Ref. 25. 0.050
Acetone Water 0.045 -
—e— Interface(nearest neighbor, n...,~1)

Surface free energy 2.33x10°2Jm 2 7.275<10°2Jm 2 0,040 .-+ Bulk(nearest neighbor, n=1)
Free energy per moleculgNg 5.7 10 2] 7.0<10° %1 —=— Bulk(first minima, n,q,=12)

% 0.035

O

% 0.030 -

the liquid, and at least one methyl group is pointing away

' e ad Yyt A
from the bulk. This is consistent with the simulation result. 0.025 1 greansspsanantnnsd

0.020 - .
VovvgvyvVvV Y

IV. DISCUSSIONS

0.015 T T T T T T

5 H - -1 -0.8 0.6 04 0.2 0.0 0.2 0.4 0.6 0.8 1.0
Except for some quantitative details, the calculated spec- 10

tra agree well with the measured on€Bhe discrepancy be- COSy
tV_Veen the_o_rl( and experiment in the PPP spectra is due tﬁ@_ 7. The calculated distribution of ceswith the angley being between
high sensitivity of the spectrum to the beam geomgWe  the G—0 bonds of nearest neighbor acetone molecules at 300 K. Circles are
therefore believe that our MD simulation gives a reasonabléor the reflective orientation of nearest neighbor moleciteith coordina-
picture of the liquid/vapor interfacial structure of acetone . tion numbemgy,=1) at the surface. Triangles are for relative orientation
f the nearest neighbor molecules.{,~1) in the bulk. Squares are for

The acetone surface appe"’,‘rs to have a more ordered Strua@( relative orientation of the first coordination shefl.{,;~12) in the
than that of the bulk. This is expected from the surface tengpy.
sion measurement of acetofteThe free energy per mol-
ecule at the free acetone surface is found to be comparable to
that at the free water surfa¢see Table V. Since the surface nearest neighbors, the distributions show clearly the prefer-
tension of water is known to arise from the relatively strongence for antiparallel orientation for both bulk and surface
OH:--O hydrogen bond at the surface, the comparable surnolecules. Also, they exhibit nearly identical results. It sug-
face free energy per molecule of acetone indicates a similarigests that the interaction between nearest neighbors is nearly
strong molecular interaction at the acetone surface. Like wathe same for surface and bulk acetone molecules. This is
ter, the strong molecular interaction results in a more ordere@erhaps not surprising since Dang and Féliatso found the
structure at the surface than that in the bulk. interactions between benzene—interfacial water and

For crystalline acetone, the molecular interactions ardenzene—bulk water to be similar. When the coordination
dominated by the €0---C=0 and CH--O contacts. As humber increases in the bulk, the distribution tends to be
revealed in the recent x-ray diffraction stutfycrystalline ~ more random, as shown by the squared curve in Fig. 7.
acetone has an ordered layered structure. Within each layer,
the C=0 bond of each acetone molecule is nearly parallel td/. CONCLUSIONS
the layer pland€ 6~90°) and the CCC plane perpendicular to

. ; In summary, molecular dynamics simulations have been
the layer plane(¢~90°). Each acetone molecule is sur-

ded by si h | I d bond used to calculate the molecular orientational distribution at
rounded by six other acetone molecules and thedbonds the liquid/vapor interface of acetone. Then, in conjunction

are aligned in the way either antiparallel or perpendicular tcQNith the molecular theory of SFVS, the calculation allows us

each other. The MD sirn.ula'ltio.n discussed .in the fOHOWing.to compute the SF vibrational spectra of the acetone vapor/
paragraph suggests that in liquid the former is preferred. Th'ﬁquid interface. We obtain spectra dominated by the sym-

arrangement results from the strong in-plane dipolarm ; 1
. . etric CH; stretch modes at 2926 ¢m in good agreement
C=—0--C=0 interactiod’ as well as the CH-O contacts. H thin g 9

The int tion bet lecules f iahboring | with the experimental observation. The calculation then pro-
/he interaction between molecules from neighboring 1ayerg,jqeg 5 picture for the structure of the acetone vapor/liquid
is relatively weak. At the liquid/vapor interface, we expect

hat th bi h p li interface: the surface acetone molecules prefer to have their
that the structure resembles t ‘f"t of-an acetone crystalling oy ar plane orient perpendicular to the surface, with the
layer although certainly not as highly ordered.

. . ' : . C=0 vector pointing into the liquid bulknearly parallel to
Ano.ther mterestmg result we fmd here is the predom|-the surfacgand one of the methyl groups protruding out of

nant orientation of thg neargst nglghbors of surface mOI'Ehe bulk. This orientation is consistent with that of molecules

ecules. From the previous simulations of JedlovZland in a layer plane of crystalline acetone. This observation to-

Rios™ in bulk acetone, we know that the nearest nelghbor%ether with the known strong surface tension of acetone,

prefer an antiparallel arran gement arpund the centra_l m°|FesuIting from G=0---C=0 interactions between neighbor-
ecule. When the coordination number increases, the distriby-

. . ) ,lfng molecules, indicates that the free acetone surface is
tion approaches a random behavior very rapidly. To obtani_l- :

. i . ' . ighly ordered and crystal-like.
some information about the predominant orientation of the
nearest neighbors of surface acetone molecules, we have c%]
culated the cosine distribution of anglebetween the CO
bonds of nearest neighbor molecules at the surface. Figure 7 We thank Professor C. Y. Mo(National Taiwan Uni-
shows the distribution of cog of surface molecules and versity) for stimulating discussions and Dr. Frederick J. Hol-
compares it with those in the bulk. In the case of just thelander(Chemistry Department, U.C. Berkelefpr access to
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APPENDIX A: RELATION BETWEEN MOLECULAR
COORDINATES AND LAB COORDINATES

The molecular coordinates are related to the lab coord|Lr

nates by the linear transformation

¢ cose sing O cos# 0 —sind
n|=| —sing cose O 0 1 0
{ 0 0 1/ \sing 0 cosd
cos¢ sing 0\ /y
x| —sing cos¢p O0]|y], (A1)
0 0 1/ \Z

where(6,¢,¢) are the three angles defined in Figb)l

We can evaluate the producsl)(j-m)(k-n) and find
Kg.ijx explicitly following Eq. (2). TakingK with g=1
and 2, for example,

q.yyz

g Ja
K = < ) cosé ) (cosésin¢ cose
qa.yyz 3(2 0(?q
a
+cos¢ sing)?+ aQ 7|(—cosésing sing
+COS¢ Cosg)?+ 70 )sm2 6 sir? ¢}> (A2)
q
Similarly, forq=4 and 5,
_ o[ Iy
Kqyyz=2 3, &Qq)<5m2 6sing sing
X (—cosé sing sing+cos¢ cose)), (A3)
and forg=6, we find
Galken
K, =—2( (sir? # cose sin ¢
q.yyz 0Qq &Qq
X (cos# sin ¢ cosg+cose sing)). (A4)

Forq=3, Kqyy,=0 becaus&lu,/dQq=0 with n=¢, 7, {
(Table Ill). Other components lik& ,,, andKy ,,, can be
obtained in the same way.

q.yz

APPENDIX B: OVERALL LOCAL-FIELD CORRECTION
FACTORS

The overall local-field correction factors in E¢h) are
given byL;;(Q) =L/ (Q)I;(Q), whereL/ (Q) is the Fresnel

coefficient and ;;(Q)) is the microscopic local-field correc-

SF VIS IR
\ (wavelength 0.460 um 0.532 um 3.418 um
n (refractive index  1.359 1.359 1.349
B (beam anglg 46.5° 45.0° 57.0°
L. 0.949 0.941 1.032
0.749 0.757 0.680
Léz 1.051 1.059 0.968
Lo=lyy 1.141 1.141 1.137
0.847 0.847 0.850
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